Background: Patellofemoral malalignment has been observed among people with patellofemoral pain (PFP) and may be associated with the presence of imaging features of osteoarthritis, symptoms, and function.
walking up or down stairs, 11 as well as during prolonged sitting with the knees flexed. 7 While PFP typically affects relatively young, physically active people (aged \40 years), there is increasing evidence that PFP occurs at all stages of the life span, as well as among less physically active individuals. 9 There is consensus that the etiology of PFP is multifactorial. 27 Elevated patellofemoral joint stress has frequently been postulated as a cause of pain and progression of symptoms. 11, 14 One proposed cause of elevated joint stress is abnormal alignment of the patellofemoral joint. Several patellofemoral alignment and bone shape measures are associated with the presence of PFP, including a larger quadriceps angle, larger sulcus angle, larger patellar tilt angle, and greater lateral displacement. 12, 22 However, there is very limited evidence from prospective studies to support a causal relationship. 12, 23 Nevertheless, the proposed subgroup of patients with malaligned knees has been the subject of many studies because patellofemoral alignment features are potentially modifiable (eg, with taping 10 or bracing 1 ) and can therefore have implications for the management and treatment of PFP.
Changes in patellofemoral load attributed to patellofemoral malalignment may exceed tissue capacity and potentially contribute to the development of chondral lesions and other imaging features of patellofemoral osteoarthritis (OA; eg, bone marrow lesions, osteophytes, synovitis). 24 Thuillier et al 32 reported differences in cartilage composition among women aged 18 to 45 years with PFP and patellar malalignment, as compared with pain-free controls. T1 rho values were significantly higher in the lateral patellar facet of those with PFP and patellar tilt, indicating greater proteoglycan loss. 32 Notably, T1 rho values approached those observed among people with early OA. 32 Furthermore, a recent systematic review found strong evidence of a relationship between trochlear bony shape and patellofemoral OA. 24 Patellofemoral malalignment has been linked to symptom severity among older people with knee OA, although results are inconsistent. 2, 19 Thus, while there is literature suggesting that patellofemoral malalignment may be related to magnetic resonance imaging (MRI)-defined structural features of patellofemoral OA (eg, osteophytes and cartilage defects) among people with PFP, this relationship and the potential relationship with symptoms (ie, pain and function) are currently unknown. Therefore, the aim of this study was to determine whether patellofemoral joint alignment and bony shape are associated with (1) cartilage, bone, and soft tissue morphological abnormalities defined on MRI and (2) patient characteristics and reported symptoms among people with PFP.
METHODS

Study Design and Participants
Cross-sectional data from 2 separate but similar studies were used in this analysis: a cohort from Rotterdam, the Netherlands (TripleP study 33 ; n = 64), and a cohort from Melbourne, Australia (Chronic Anterior Knee Pain [CAKP] Study 6 ; n = 69). All participants with available baseline data were included in the current analyses. Both studies were approved by institutional review boards (Medical Ethical Committee of Erasmus MC, protocol MEC-2012-342; The University of Melbourne's Behavioural and Social Science Human Research Ethics Committee, ID 1136766).
The aggregated study population comprised participants with PFP (age range, 14-50 years) who were recruited by general practitioners, physical therapists, sports physicians, and local advertising. Inclusion and exclusion criteria for both studies were comparable (Table 1) .
Measurements
After providing written informed consent, study participants were asked to complete questionnaires, which included the following: demographics (age, sex, body mass index [BMI], education level), knee complaints (duration of PFP, bilateral complaints), and pain severity on a 100-mm visual analog scale or 11-point numerical rating scale (usual pain and resting pain were combined into ''usual pain,'' and worst pain and activity-related pain were combined into ''worst pain''). Pain scores rated on a numerical rating scale were rescaled to a 0-100 visual analog scale to facilitate data pooling. 5 Knee symptoms and function were measured with the Anterior Knee Pain Scale (AKPS; 0-100) 20 and the Knee injury and Osteoarthritis Outcome Score (KOOS; 0-100), 28 including subscales of pain, symptoms, activities of daily living, sport and recreation function, and knee-related quality of life.
All participants underwent an MRI scan of their (most) symptomatic eligible knee, positioned supine with the study knee in 20°to 30°of flexion. MRI in the TripleP study was performed at 3 T (Discovery MR750; GE Healthcare) with a dedicated 8-channel knee coil (Invivo Inc). The MRI protocol comprised sagittal, axial, and coronal fast-spin echo proton density-weighted sequences with a slice thickness of 3 mm and sagittal and axial T2-weighted sequences with fat suppression and a slice thickness of 3 mm. In addition, a 3-dimensional high-resolution sagittal fat-suppressed spoiled gradient echo sequence was acquired with a slice thickness of 0.5 mm. CAKP Study MRI was acquired at 3 T (Achieva; Philips) with a 16-channel knee coil (Invivo Inc). The protocol consisted of a 3-dimensional proton density visualization of short relaxation time component sequence (ie, VISTA) acquired at 0.35-mm isotropic voxel size and reformatted in 3 planes. In addition, an axial proton density-weighted sequence with a slice thickness of 2.5 mm and fat saturation were performed.
All MRI scans from both studies were scored by a senior resident in radiology with a musculoskeletal subspecialization (J.L.K.), using the semiquantitative Magnetic Resonance Imaging Osteoarthritis Knee Score. 17 Since this score was primarily developed to evaluate the presence of OA in a relatively older population, specific patellofemoral features were added per the literature. 3 All findings were verified by an experienced musculoskeletal radiologist (E.H.O.). Scores of the most relevant and prevalent 33 items were used for this analysis, including minor patellar cartilage defects (present or not), patellar bone marrow lesions (present or not), patellar osteophytes (small to large), osteophytes at the anterior femur (small to large), and Hoffa synovitis and prefemoral fat pad synovitis (high signal intensity). High signal intensity was defined as abnormal high signal intensity on the T2-weighted images.
Alignment and bony shape were measured with methods described previously and were performed by the same radiologist (J.L.K.) in both studies. 3, 30 These included the (1) Insall-Salvati (IS) ratio 18 ; (2) patellar lateral translation relative to the femur, expressed in millimeters and dichotomized (absent \2 mm); (3) patellar tilt, expressed in degrees and dichotomized (present when .8°)
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; (4) trochlear sulcus depth and angle, expressed in millimeters; (5) Wiberg classification for congruence (type I, facets are concave; type II, medial facet is rather smaller than lateral facet; type III, medial facet is markedly smaller than lateral facet 35 ), dichotomized into symmetrical or not; and (6) tibial tuberosity-trochlear groove distance as an indicator of patellar lateralization. 36 The presence of a bipartite patella was also reported. All measures were performed by the same radiologist (J.L.K.) and confirmed by an experienced musculoskeletal radiologist (E.H.O.). One investigator (E.M.M.) performed 5 additional alignment and bony shape measurements following methods described by Stefanik et al 30 and Munch et al. 25 Lateral trochlear inclination was defined as the angle between the posterior condylar line and a line drawn along the surface of the lateral trochlear facet (degrees). Trochlear angle was defined as the angle between the posterior condylar line and a line passing along the most anterior margins of the medial and lateral trochlear facets (degrees). Bisect offset was defined as the percentage of the patella lateral to the line through the center of the trochlea. Patellar tilt angle was defined as the angle between the posterior condylar line and the line defining the maximal width of the patella (degrees). Patellar articular overlap was defined as the percentage of overlap of the length of patellar cartilage overlying the trochlear cartilage. 25 Details of alignment and bony shape measurements are presented in Figure 1 . 
Statistical Analyses
Descriptive statistics were used to describe patient characteristics and morphological, alignment, and bony shape measures. Pearson x 2 tests (dichotomous variables) and Student t tests (continuous variables) were used to evaluate potential differences between the cohorts. Analyses for cartilage, bone, and soft tissue morphological abnormalities defined on MRI, as well as alignment and bony shape measures, were adjusted for age. Correlations among the different alignment and bony shape measures were tested with Pearson correlations. Based on significant (P \ .10) correlation coefficients and current literature, alignment and bony shape measures were selected for further analyses. Because of power issues, a preference was given to continuous measurements instead of dichotomized measures. Associations between morphological abnormalities defined on MRI and selected alignment and bony shape measures were tested with binary logistic regression analyses, adjusted for study, age, sex, and BMI. Specific items from the KOOS and AKPS were selected for the analyses of patellofemoral-specific symptoms. Item 6 from KOOSpain was used to define pain while walking up or down stairs, dichotomized into no pain (no pain, some pain) and pain (moderate to severe). Items 2 and 6 were selected from KOOS-sport/recreation to define difficulties with squatting and running. These were both dichotomized into no difficulty (no, some difficulties) and difficulties (moderate to severe difficulties). Item 8 of the AKPS was used to define the presence of problems with prolonged sitting with knees flexed. Three categories were formed from 5 possible responses: no difficulty, pain after exercise, or problems with prolonged sitting (constant pain, pain forces to extend the knees temporarily, or unable). 7 Associations between PFP symptoms (usual pain; pain with stairs; problems with squatting, running, and prolonged sitting with knees flexed) and alignment and bony shape measures were evaluated with linear regression (usual pain), logistic regression (pain with stairs, problems squatting and running) and multinomal logistic regression (problems during prolonged sitting), adjusted for study, age, sex, and BMI. Differences between participant characteristics (age, sex, BMI, duration of PFP, bilateral PFP) and alignment and bony shape measures were tested with linear regression techniques (age, BMI), t tests (sex, bilateral PFP), and 1-way analysis of variance (duration of PFP). Associations were expressed in odds ratios (ORs) or betas with accompanying 95% CIs. All analyses were performed with SPSS for Windows (v 21; IBM), and P values \.05 were considered statistically significant.
RESULTS
The mean age of the total study population (N = 133) was 30 years (SD, 9.5) with 78 (59%) women (Table 2) . Bilateral complaints were present among 60% of participants, and 56.4% had a minimum symptom duration of 12 months. Compared with the Australian CAKP Study, the Dutch TripleP study included a significantly younger PFP population with a lower BMI, shorter symptom duration, and fewer bilateral complaints (Table 2) . Additionally, participants from the CAKP Study reported less severe symptoms on the visual analog scale for pain, AKPS, and KOOS (pain, symptoms, activities of daily living, and sport).
Minor cartilage defects were present in 22 (16.5%) participants, with more defects seen in the Dutch TripleP cohort (23.4%) versus the Australian CAKP cohort (10.1%) ( Table 3) . Patellar osteophytes were also more frequently present in the Dutch cohort (70.3%) as compared with the Australian cohort (55.1%). Hoffa synovitis and prefemoral fat pad synovitis were present among 60.9% and 36.8% of participants, respectively. Patellar . Additionally, a larger bisect offset (indicating a more lateral patellar position) was associated with minor patellar cartilage defects (OR, 1.05; 95% CI, 1.00-1.11) and patellar osteophytes (OR, 1.07; 95% CI, 1.01-1.14). There was a significant association between a larger sulcus angle (indicating a shallower trochlea) and the presence of patellar osteophytes (OR, 1.10; 95% CI, 1.01-1.14). Finally, a larger patellar articular cartilage overlap was associated with fewer patellar osteophytes (OR, 0.03; 95% CI, 0.001-0.78) and less prefemoral fat pad synovitis (OR, 0.02; 95% CI, 0.001-0.52). Table 5 presents the associations between alignment and bony shape measures and specific PFP symptoms. Sulcus angle was associated with usual pain (b = 0.77; 95% CI, 0.12-1.42) and problems while running (OR, 1.12; 95% CI, 1.03-1.23). Patellar articular cartilage overlap was associated with fewer problems while running (OR, 0.02; 95% CI, 0.00-0.84).
Some relationships were observed between participant characteristics and the alignment measures. Older age was associated with a smaller patellar tilt angle (P \ .01), smaller sulcus angle (P \ .01), Wiberg classification indicating a concave facet (P = .02), larger lateral trochlear inclination (P = .02), and larger patellar articular cartilage overlap (P \ .01). Female sex was associated with larger patellar tilt angle (P \ .01), higher IS ratio (P \ .01), and higher bisect offset (P = .01). Symptom duration .24 months was associated with higher IS ratio (P = .04), smaller sulcus angle (P = .03), and smaller trochlear angle (P = .04). The presence of bilateral PFP was associated with a larger patellar tilt angle (P = .01), larger IS ratio (P \ .01), and smaller (negative) trochlear angle (P \ .01) (see Appendix Table A1 , available in the online version of this article).
DISCUSSION
Findings of this study highlight an apparent association between 5 measures of patellofemoral joint alignment and bony shape and the presence of cartilage, bone, and soft tissue morphological abnormalities of the patellofemoral joint among people with PFP. Those with a higher IS ratio (indicating patella alta), greater patellar tilt angle (indicating greater lateral tilt), greater bisect offset (indicating a more lateral patellar position), and greater sulcus angle (indicating a shallower trochlea) had higher odds of having features of patellofemoral OA on MRI, including patellar osteophytes, minor cartilage defects, and high fat pad signal. A lower percentage of patellar articular cartilage overlap was associated with having osteophytes and fat pad synovitis. Age, sex, duration of PFP, and bilateral PFP were associated with several alignment and bony shape measures of the patellofemoral joint. However, only a few associations were found between patellofemoral joint alignment and bony shape and patient-reported symptoms and function.
A higher IS ratio, a measure of patella alta, had the strongest association with morphological abnormalities of the patellofemoral joint, including the presence of patellar bone marrow lesions, patellar osteophytes, and Hoffa synovitis. A simpler alternative, the patellar articular overlap, confirmed these associations for patellar osteophytes and fat pad synovitis. The importance of the IS ratio as a measure of alignment was acknowledged by Stefanik et al, 30 although in an older population, for its relationship to patellofemoral joint dysfunction. A high-riding patella may result in delayed engagement of the patella in the trochlea during knee flexion and a reduced articular cartilage contact area. It was also shown that lateral patellar maltracking is more prevalent among people with PFP and patella alta as compared with those with PFP and normal patellar height, 26 possibly because a high-riding patella has less bony constraint to mediolateral patellar movement in low knee flexion angles. Changes in local joint loading attributed to patella alta with or without lateral maltracking may lead to increased patellofemoral joint stress and may initiate or perpetuate OA processes. Indeed, Stefanik et al 30 found that a high IS ratio was a risk factor for worsening of patellofemoral cartilage damage and bone marrow lesions over 30 months. Interestingly, we also found a positive association between (1) a higher IS ratio and (2) the presence of Hoffa synovitis and prefemoral fat pad synovitis as well as less patellar articular cartilage overlap and prefemoral pat pad synovitis. Although the role of the fat pad in the etiology of PFP remains unclear, 11 recent studies described the fat pad as an active joint tissue capable of modulating inflammatory and destructive responses in knee OA. 4 Findings of the present study are supported by Subhawong et al, 31 who found that several markers of patellar instability were associated with superolateral Hoffa fat pad edema among patients with knee pain. This implies that abnormal alignment and aberrant movement may contribute to high signal intensity of the fat pad, indicating fat pad edema and synovitis.
We also found that a more lateral patellar position (tilt, displacement) was associated with greater odds of morphological abnormalities defined on MRI in the patellofemoral joint. Abnormal patellar alignment is proposed to reduce the contact area between the patella and trochlea, resulting in increased patellofemoral joint stress, particularly in the lateral patellofemoral joint. 14, 16 Elevated loading of the patellofemoral joint was hypothesized to result in reduced patellar cartilage thickness and reduced deformational behavior of patellar articular cartilage. 13 Salsich and Perman 29 found that only 17% of the variance in contact area was explained by patellar width and that patellar tilt angle did not contribute to patellofemoral joint contact area. These results are contrary to literature linking patellar alignment to patellofemoral contact area. 14, 15 Irrespective of the mechanism, our findings do suggest that patellofemoral joint alignment or bony shape may contribute to increased patellofemoral joint stress, as a greater lateral patellar tilt angle and bisect offset were associated with cartilage defects of the patella. However, these measures were not associated with PFP intensity or symptoms.
The findings of this study are in line with previous findings of patellofemoral OA populations, in which associations were found between knee alignment and imaging features of patellofemoral OA. 24 As described here, it is plausible that patellofemoral malalignment may lead to higher patellofemoral joint stress, potentially leading to structural morphological changes in the joint (ie, early OA features). However, the cross-sectional nature of the presented data means that conclusions cannot be made regarding causation. Although we did not find an association between (1) specific PFP symptoms and function and (2) alignment and bony shape measures, we did find that specific patient characteristics were associated with particular alignment measures, including age, sex, bilaterality and duration of PFP. It was apparent that patients with a relatively long symptom duration and the presence of bilateral PFP were more likely to have a higher IS ratio and larger sulcus angle as compared with those with a shorter symptom duration and unilateral knee pain. This indicates that these patients might represent a distinct subgroup of PFP that is more prone to developing patellofemoral OA later in life, as these alignment measures seem to be associated with the presence of patellar osteophytes. Long-term follow-up of patients with PFP will provide better insight into the often-suggested patellofemoral OA continuum for young PFP patients 8 and whether malalignment is associated with the progression of structural MRI features in the patellofemoral joint.
The cross-sectional nature of our findings means that clinical implications need to be made with caution. Based on current findings, people with PFP who have patella alta or a shallow trochlea may be at risk of more persistent symptoms given the associations with early OA features. 24 It is important to distinguish between modifiable and nonmodifiable factors that are related to patellofemoral joint structural morphology. For example, patella alta and lateral patellar tilt and displacement may be amenable to nonsurgical interventions, such as patellar taping, bracing, and exercise. 1 In comparison, surgery is required to increase the depth of a shallow trochlea. Until the longitudinal relationship between alignment or bony shape and morphological abnormalities is established, it is difficult to recommend surgical intervention when the sulcus angle is not strongly related to patient-reported symptoms or function.
Strengths and Limitations
This cross-sectional study used data from 2 of the largest PFP cohorts with MRI. Although the cohorts were similar, there are differences that should be noted. Patients recruited in the Netherlands were, on average, younger, had a shorter symptom duration, and reported worse pain and symptoms as compared with those recruited in Australia. This is likely related to the recruitment methods applied. While participants in the Netherlands were recruited in primary care settings (general practice, physical therapy, and sports medicine clinics), participants in Australia were recruited by means of local advertising. To address this, all analyses were adjusted for ''study.'' Furthermore, our research questions centered on withinparticipant relationships rather than between-group differences. Thus, the effect of these differences on study outcomes is likely to be marginal.
While our cohort represents a relatively large sample size, we evaluated many associations, and it is plausible that a type I error may have occurred. Our analyses were hypothesis generating, and as physiologically expected, consistent associations were found between particular alignment measures and morphological abnormalities. This strengthens our confidence that the results are less likely to be by chance owing to multiple testing issues. To enhance statistical power, we chose to analyze all alignment measures as continuous variables. Clinical cutoff values were proposed in the literature and may be worth considering in future MRI studies of larger PFP cohorts.
CONCLUSION
For people with PFP, particular alignment and bony shape measures-including higher IS ratio (indicating patella alta), smaller percentage of patellar articular overlap, larger patellar tilt angle (indicating greater lateral tilt), and larger bisect offset (indicating greater lateral displacement)-are associated with the presence of patellar osteophytes, minor cartilage defects, or Hoffa and prefemoral fat pad synovitis. Patellofemoral alignment and bony shape measures do not appear to be related to symptoms and function. Prospective studies are required to investigate the longitudinal relationship between alignment or bony shape and cartilage, bone, and soft tissue morphological abnormalities defined on MRI in this patient population.
